Experimental data show that gemini surfactants have critical micelle concentrations that are almost tenfold lower than the CMCs of single chain ones. It is believed that the spacer groups play an important role in this subject. Short hydrophilic or long hydrophobic spacers can reduce CMC dramatically. In this paper, self-assembling processes of double-chain and one-chain surfactants with the same head to tail ratio are compared. Dimeric chain structure is exactly double of single chain. In other words, hydrophiliclyophilic balances of two chain models are the same. Two single chains are connected head-to-head to form a dimeric chain, without introducing extra head or tail beads as a spacer group. Premicellar, micellar, and shape/phase transition ranges of both models are investigated. To do this, lattice Monte Carlo simulation in canonical ensemble has been used. Results show that without introducing extra beads as spacer group, the CMC of (H 3 T 3 ) 2 as a dimeric surfactant is much lower than the CMC of its similar single chain, H 3 T 3 . For dimeric case of study, it is shown that bolaform aggregates are formed.
Introduction
Gemini surfactants are relatively new type of surface active materials. ey can self-assemble in a wide range from nanoscale (spherical micelles) to meso-scale aggregates (vesicles, monolayers, bilayers, and so on) [1] . A gemini surfactant contains two conventional single chain surfactant whose heads are connected by a hydrophobic or hydrophilic part named as spacer [2] . Gemini surfactants have very low critical micelle concentration (CMC) compared with the corresponding single chain surfactants. Unlike to the conventional amphiphile molecules with spherical micelles, gemini surfactants form unusual aggregation morphologies such as vesicles and bilayers [3, 4] .
ere are many experimental studies on gemini surfactants; however, surprisingly, only a few theoretical studies are found in the literature. e �rst molecular dynamics simulation of gemini amphiphiles has been conducted by Karaborni et al. [5] , who used coarse-grained model to simulate gemini surfactants with different hydrophobic spacer lengths. eir results showed that the structures of aggregates depend on the number of oil-like spacer between head parts. With single spacer, linear thread-like micelles are formed and for longer spacer, mixture of spheroid and tree-like aggregates are produced. Using Smit's model [6] , Maiti et al. developed a simple coarse-grained model of surfactant oligomers containing dimeric and trimeric amphiphiles [7] . eir molecular dynamics simulation results exhibited formation of closed-loop micelles for dimeric and trimeric surfactants. Wu et al. performed large scale coarse-grained molecular dynamics simulations to study self-assembling process of 12--12 gemini surfactants with , 12, and 20 [8] . In their study, free gemini molecules aggregate into the oligomers (premicelles) and then these small clusters merge with each other to form larger clusters such as vesicles.
e �rst Monte Carlo simulation study on the selfassembling process of lattice gemini amphiphiles goes back to the work of Bernardes [9] . In later work, the author has tested effects of chain rigidity on the aggregate shapes [10] . Maiti and Chowdhury carried out Monte Carlo simulation similar to the Bernardes' model and investigated three factors containing length of spacer, length of tail, and bending rigidity of spacer and/or tails on the critical micelle concentration of a lattice gemini amphiphile [11, 12] . ey have shown, in agreement to the experimental results, their simulated CMC reached a maximum at a certain length of spacer. In later work, Maiti and his coworkers studied cross-linking between one-tailed micelles by gemini surfactants [13] . Layn et al. have used lattice Monte Carlo and quasichemical theory to investigate phase behavior of simple gemini surfactant with only hydrophilic spacer [14] . ey have studied effects of oil length, surfactant rigidity, and temperature on the phase behavior. Recently, Davis and Panagiotopoulos have used grand canonical Monte Carlo simulation of mixture of one-tailed and double-tailed nonionic amphiphile to study the effect of addition of a micellizing amphiphile on the behavior of another phase separating amphiphile [15] . Very recently, Jackson et al. investigated assembling processes of two-headed linear surfactants by two dimensional lattice Monte Carlo simulations [16] .
In the present work, we have compared self-assembling process for two lattice amphiphiles with the same head to tail ratio. Both of amphiphiles are symmetrical. Dimeric chains are double of single chains that connected head-to-head. In this work, we have not considered any extra hydrophilic or hydrophobic beads between heads as a spacer group to investigate how aggregates are formed without spacer groups. Meanwhile, different thermodynamic behaviors are compared including CMC, premicellar concentration, size distribution, polydispersity, and aggregation number. It is shown that transition points in graphs of polydispersity, aggregation number, and premicellar concentration, match with the CMC point in graph of monomer concentration.
Model
e model is based on the hydrophobic interactions as a main driving force of micellization process. Details of the model can be found in previous studies [17, 18] . Here, we only summarize it. A simple cubic lattice with the size of 80 × 80 × 80, 100 × 100 × 100, or 200 × 200 × 200 is used as a box of simulation. In all simulations, a water molecule occupies only a single lattice site. Surfactant molecules are modeled as short chains on the lattice. Onetailed and double-tailed surfactants are modeled by H T and (H T ) 2 or T H 2 T , respectively. "H" and "T" denote a head and a tail, respectively. e integers " " and " " denote the length of head and tail parts, respectively. In this study, symmetrical monomeric and dimeric surfactants with are considered. e structures of a monomeric and a dimeric lattice surfactant have been shown in Figure 1 . A lattice bead interacts only with its six nearest neighbor beads, thus the coordination number is equal to six ( 6) . Periodic boundary conditions and excluded volumes are used to mimic the box of simulation as the bulk of solution. Canonical ensemble with the constants of , , and T is used for ensemble-averaging. e potential model is as previous and de�ned as follows [17, 18] :
where T, and T,H are the numbers of tail-water and tailhead pairs, respectively, and ( T) is the dimensionless interactions parameter. In the present work, we have set ( T) 0.7. Previously, it has been shown that this value of interaction parameter gives rise to micellization [18] . Only hydrophobicity of surfactant molecules, as a main characteristic of amphiphile molecules, is considered in the potential model.
We have used reptation [19] and con�gurational bias Monte Carlo [20] algorithms to move surfactant molecules. Our simulations are based on the standard Metropolis algorithm in which the probability of Min (1, exp(− )) for reptation and Min (1, ( ( )) ( ( )) − ) for con�gurational bias Monte Carlo moves are used, where is the difference of the total energy between new trial and old con�gurations, is 1 ( T), and is the probability by which new trial con�guration is accepted. e Rosenbluth weight (W) is number of solvent sites ( ( )) around the next bead to be removed or regrown.
Source codes were written in Fortran77 language, and compiled with intel Fortran Composer Xe compiler under the Centos linux. Nearly 10 11 moves have been used to equilibrate initial con�gurations, and 2 × 10 11 moves were used for ensemble averaging. 2000 snapshots have been used for ensemble averaging to get smooth graphs.
���� ��������� �� ����������� Two kinds of concentration have been de�ned: total volume fraction ( tot ) and cluster number density ( ) with aggregation number ( 1), tot total sites of surfactant molecules total sites of lattice , total number of molecules in cluster total sites of the lattice .
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According to , concentration of free surfactant molecules is de�ned as:
total number of free molecules total sites of the lattice .
A surfactant is considered as a free molecule whenever all nearest neighbors of its tail sites are water molecules. Two surfactant molecules are considered to be in the same cluster if at least one tail site of the �rst molecule is the nearest neighbor of any tail site of the second molecule. Premicelles are small aggregates, usually with aggregation number less than ten [21] . Premicellar concentration is de�ned as ∑ 
A free molecule is not considered in the above summation, and max is the maximum aggregation number in all of the snapshots considered in the ensemble averaging.
Results and Discussion
�urfactant solutions may be classi�ed into three concentration ranges: premicellar, micellar, and phase/shape transition ranges. For dimeric surfactants, almost all previous studies focused on the micellar and/or phase/shape transition ranges. In this paper, properties of single and double chain surfactant solution in three above ranges are reviewed and compared. Premicelles are aggregates with small aggregation number. Oen, clusters with aggregation number less or equal to ten are referred as premicelles [21] . Figures 2 and 3 show the premicellar concentration of single and double chain surfactants. e graphs show that the concentration of premicelles for single chain surfactant is higher than nearly tenfold of that of dimeric one. At �rst, premicellar concentration increases in sigmoidal fashion up to a maximal value, and then relaxes to the lower values. is relaxation is much slower for dimeric chain compared to monomeric surfactant. is behavior is very similar to the graphs of CMC determination (Figures 4 and 5) .
e second range belongs to the micellar phase. e concentration at which micelles begin to be formed is named as critical micelle concentration (CMC). �arious de�nitions for the CMC have been used in the literature. We have de�ned CMC as a surfactant concentration at which free molecules reach maximal value. Figures 4 and 5 show CMC graphs for both single and double chain surfactants. On the basis of the de�nition, CMC for H 3 T 3 is nearly equal to tot = 0.06, and for (H 3 T 3 ) is equal to tot = 0.014. CMC of dimeric surfactant is much lower than monomeric one. As is clear from above �gures, premicellar behaviors are similar to the free surfactant concentration changes. At CMC, premicelles reach maximal values, and at higher concentration small aggregates grow and form larger clusters. Aer CMC, premicellar concentration reduces and system tends to be more monodispersed. Polydispersity is de�ned as the ratio of weight-averaged aggregation number ( ) to number-averaged aggregation number ( ). Figures 6  and 7 show polydispersity changes for single and double chain surfactants. Data show that for both systems there is a break point on the curve of polydispersity. is occurs at volume fractions of 0.09 and 0.018 for H 3 T 3 and (H 3 T 3 ) 2 , respectively. Another important issue in the micellar phase is about cluster size distribution. It is believed that CMC relates to the horizontal in�ection point at cluster size distribution [22] . Figures 8 and 9 show the in�ection point at cluster size distribution for single and double chain surfactants, respectively. e in�ection point occurs at concentration of 0.1 and 0.015 for single and double chain surfactant, respectively. Comparing these values with the critical points of Figures 2 to 7 (which can be named as their CMCs), it shows that there is a close connection between in�ection points in above �gures (Figures 8 and 9 ) and critical points of Figure 2 to Figure 7 , that is, the in�ection points can be considered as CMC points. Similarity of these critical values shows that the idea of [22] is correct. e third concentration range of surfactant systems contains shape/phase transition. In some papers, additional peaks in cluster size distribution have been interpreted as a clue for shape/phase transition in surfactant systems [23] . In our previous paper, we have proved that a true simulation should have one peak in cluster size distribution [18] . Figure  10 shows the cluster size distribution for double chain surfactant. It shows that the peak in the distribution shis to higher values at higher concentration. We have repeated simulation for greater box 100 × 100 × 100 to test the size effect. Figure 11 shows the results for greater box. ere are two important points on this �gure. First, as for smaller box, peak shis to larger values, and second, for greater lattice at F 9: Cluster size distribution ( ) for the micellar range of concentration of (H 3 T 3 ) 2 as a double chain surfactant. In�ection point occurs at tot = 0.016 which agree with CMC of (H 3 T 3 ) 2 .
a certain concentration, peak appeared at higher aggregation number. It can be concluded that for double chain surfactant, with enlarging the box to in�nitive, aggregation number becomes very large, that is, phase separation occurs. On the other hand, for H 3 T 3 , even at high concentration of 0.15, there is not any shi in the position of peak. Another clue for this subject is tracing weight-average aggregation number ( ). Figures 12 and 13 show for single and double chain surfactants. As is clear for double chain surfactant, increases rapidly. F 11: Same as Figure 9 but for 100 × 100 × 100 lattice size.
e ratio of head to tail for both single and double chain surfactants is the same. Each dimeric molecule is equal to two single chain molecules, so, it is expected that the properties of single chain molecule to be similar to double chain at twice concentration of dimeric molecule; however, this is not the case. Looking at the structure of aggregates of double chain molecule help us to understand the differences. Figure 14 shows the structures of aggregates at concentrations of 0.016, 0.02, and 0.0�. e �gure shows how head groups connect separate micelles. At high concentration we encounter with large bolaform aggregates in which spacer groups play a connection role. Figure 15 shows snapshot of box of simulation at volume fraction of 0.06. It shows that very large aggregates are formed at nearly low concentration. All results show that to reduce dramatically CMC or increase aggregation number, it is sufficient that two single chains are connected from head positions, and it is not necessary to introduce any extra hydrophobic or hydrophilic spacer groups.
Conclusion
In this paper, we have chosen very similar single and double chain surfactant with the same head to tail ratio. Each double chain molecule equals to two single chains in number of heads and tails. To build a dimeric chain from two single chains, heads are connected without introducing any hydrophobic or hydrophilic spacer groups. It is shown that the properties of double chain surfactant are very different from single chain surfactant. Its CMC is nearly tenfold lower than the CMC of single chain molecule; its aggregation number is greater than 30 times of aggregation number of single chain surfactant, and the cluster size distribution shows a kind of phase transition that is not present for single chains. It has been shown that head groups of double chain surfactants as spacer groups are the main factor for these differences. ey play a connector role by which separate micelle are joined to each other. In addition, results show that CMC can be estimated from free monomer concentration, premicellar concentration, aggregation number, and polydispersity graphs. As a main result, it is shown that how without introducing extra hydrophobic or hydrophilic spacer groups, dimeric amphiphiles behave similar to gemini surfactants.
